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What is an Exoplanet?

Exoplanet — a planet that orbits another star

Credit: Paramount
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KEY SCIENCE
THEMES

Discovering the
Secrets of the
Universe

Searching for
Life Elsewhere

Safeguarding and
Improving Life on Earth




WEBB

XMM-NEWTON* 1SS-CREAM KEPLER
HUBBLE
IXPE CHANDRA
FERMI ISS-NICER EUCLID*
SWIFT "
TESS
NUSTAR
SPITZER WFIRST
SOFIA
NISAR MAIA
WO CALIPSO
0C0-2
ISS (3) SORCE
ISS (3)
" ICESAT-2
CYGNSS

LRO

VOYAGER 1

?

XARM* NEOWISE _
NEW HORIZONS VOYAGER 2
¢
BEPICOLOMBO*
TROPICS . : 5
CLOUDSAT 9 OSIRIS-REX F
g JUICE*
AQUA  LANDSAT 9 * ‘PSYCHE
LANDSAT 7, 8 : » LUCY
SOre * JuNO
SUOMI NPP x ® oo
; EUROPA CLIPPER
GRACE-FO
oM L : . MARS ODYSSEY
SMAP ! MARS EXPRESS*
SENTINEL-6A/B* JOPPORTUNITY  EXOMARS 2016* .
MAVEN P
GRACE ) *
‘ mEs):ngrms s EARTH SCIENCE @)
LAGEOS MRO HELIOPHYS
MARS 2020 opHrsics @
JPSS 2* : PLANETARY SCIENCE @)
Lo  ASTROPHYSICS 78]
FUTURE MISSIONS IN BOLD
" AURA *PARTER-LED
GEOCARB OPERATING & FUTURE
QUIKSCAT
SWOoT .
OSTM/JASON 2 »



SEARCHING FOR LIFE
ELSEWHERE
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SEARCHING FOR LIFE
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Exoplanet Exploration

Credit: PHL@UPR, Arecibo, ESA/Hubble, NASA
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“All These Worlds are Yours...”
- Arthur C. Clarke, 2010: Odyssey Two



Credit: SETI Institute



NASA Exoplanet Exploration Program

Astrophysics Division, NASA Science Mission Directorate

NASA'’s search for habitable planets and life beyond our solar system

B @« | Program purpose described in

7 ¢ 2014 NASA Science Plan

5 |

o 1. Discover planets around other stars

LL : : :

@ 2. Characterize their properties

7

LLIT 3. Identify candidates that could harbor life
O
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https://exoplanets.nasa.gov "



Where are the Exoplanets?
Visualization from Eyes on Exoplanets
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How Do We Find Exoplanets?
Doppler Spectroscopy or Radial Velocity Method
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How Do We Find Exoplanets?
Transit Method
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Exoplanets by the Numbers

Planet Types

3564

1414
1182
881
52
25

All Planets

Neptune-like
Gas Giant
Terrestrial
Super-earth
Unknown

By Method

o 77 8% Transit v

®
18.5%  Radial Velocity v

® 1 5% Microlensing v

) 1 2% Imaging v

0.42% Transit Timing Vanations, 0.25% Eclipse Timing Varations, 0.17%
Orbital Brightness Modulation, 0.14% Pulsar Timing, 0.06% Pulsation Timing
Vanations, 0.03% Astrometry
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Discovery Year

Radial Velocity
Microlensing
Imaging

Orbital Brightness
Modulation
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Kepler K2
Extending the Power of Kepler to the Ecliptic

Credit: NASA/Ames Research Center/W. Stenzel
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Three Key Kepler Results

1. On average there is at
least one planet for
each of the stars in the
night sky

2. Small planets are the
most common type In
the Galaxy

3. Earth-sized (0.51t0 2
Earth radii) planets in
the Habitable Zone are
common

Number of Planets

[~ PLANET SIZES OBSERVED IN OUR SOLAR SYSTEM —
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A Familiar Habitable Zone

Credit: Luc Forsyth



Kepler Habitable Zone Planets

As of June 2017

As of June 2017
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Credit: NASA/Ames Research Center/W. Stenzel
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Seven Planets Above the Fold: Trappist-1

Late Edition
[

 r
hagh 64

- &he New Aork Eimes

VOL.CLXVI... No. 57,517 @ 2007 This Mrw Vark Tissms Cisspasy NEW YORK, THURSDAY, FEBRUARY 23, 2017
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A rendering of newly discovered Earth-size planets orbiting a dwarf star named Trappist-1 about 40 light-years from Earth, Some of them could have surface waler
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Trappist-1 Discovery
The Richest Set of Earth-sized Planets Ever Found

TRAPPIST-1 System
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Credit: NASA/JPL
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How About a Trip to Trappist-1?
%EYFSONEXOPLANETS o | —— | ﬁ ,!!!! 5, M— - l?‘.ss

EXPLORE ————!

About the Planet «

=_ & . »
Name: TRAPPIST-1d . ) . i i« - ‘ .
Planet type: Terrestrial & v J ’ : ) ; e
Discovery date: 2017 : .
Mass: 0.41 x Earth
Planet radius: 0.77 Earths . ) i .
Note: Water shown here is hypothetical T @ ) ; e e —

Orbital radius: 0.02 AU 3 . _—
Orbital period: 4 days 4 w18
Eccentricity: 0 C A
Method of Detection: Transit

PLANETARY
el
b .
HOWLONGTO ™ COMPARE WITH OUR i
TRAVEL HERE? SOLAR SYSTEM

K TRAPPIST-1b

S~ . ~TRAPPIS

.
RAPPIST-1d (cl
.
;
. TRAPPIST-1h
SPEED -® 1 hr(s)/sec REAL RATE « ¥ =
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Tau Ceti e
Likely Rocky Super-Earth Orbiting a Nearby Sun-like Star
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Credit: F. Feng, University of Hertfordshire
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Second-closest Earth-sized Planet
Ross 128 b

Dlscovery alert! ESO finds second-closest Earth-S|ze planet
in habltable zone

From ESO

Credit: ESO
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Internal Coronagraph
Controls Diffraction to Reveal Exoplanets in “Dark Hole”
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Starshade (External Occulter)
Blocks Starlight, Controls Diffraction prior to Entering Telescope
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Inner Disk Deployment Trials
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~ WFIRST

Exoplane

Missions

UVOIR®

Starshade
Rendezvous®

N N AS A
VIISSIGNS

W. M. Keck Observatory

Large Binocular

Telescope Interferometer NN-EXPLORE

1 NASA/ESA Partnership

2 NASA/ESA/CSA Partnership _ Ye—
3 CNES/ESA Ground Telescopes with NASA participation
4 ESA/Swiss Space Office 52020 Decadal Survey Studies



James Webb Space Telescope

o

Credit: NAS

=]

A/ GSFC
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Possible New Worlds Exoplanet Telescopes

(mid 2030s) Habitable Exoplanet

Imaging Mission
(HabEXx)

starshade

. o 3 ; B st :

- Large Ulira-Violet .
- Optical Infrared : |
Telescope (LUVOIR) =  Origins Space

Telescope (OST)
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Coronagraph/Telescope Technology Needs

Contrast . _
== ~~. __--Angular Resolution

Coronagraph
architectures

Deformable mirrors

S . /, \

Large monolith

HSTNICMOS with addionsl processing

4
. fe=
Wavefront : < z : ““- :
sensing and control W \ Teles_cope vibration
. sensing and control

Ultra-low noise visible and infrared detectors

Segment phasing and rigid body
sensing and control 34



Starshade Technology Needs

2) Formation Sensing

1) Starlight Suppression
_ ~. . and Control
Suppres-'sing scattered Iiéht off petal
edges from off-axis Sunlight (S-2)
\"'f."

Maintaining lateral offset requirement
between the spacecrafts (S-3)

Deployment Accuracy
and Shape Stability

Suppressing diffracted light
from on-axis starlight (S-1)

S-# corresponds to EXEP Fabricating the petals
Starshade Technology Gap number = to high accuracy (S-4)
http://exoplanets.nasa.gov/exep/ Positioning the petals to high accuracy, blocking on-axis starlight,

technology/gap-lists maintaining overall shape on a highly stable structure (S-5) 35




“Blue of the sky”
measures

“Vegetation

to nt
of re jump”
indicates
presence of
land plants
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And on those other worlds, are there beings who wonder as we do?
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Introducing:

the Exoplanet Travel Bureau!

RELAX on

IR 105
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WHERE YOUR SHADOW ALWAYS HAS COMPANY
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Exoplanet Travel
Bureau
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Inspiring our Own World

""':au-'ﬂ'ﬁ in calm, perpetual twilight
TRAPPIST-1 0 t years seems so f
ou fee tl"u: same use | cannot breathe

-

'~-'|th TRL«\F'F'IHT 1, though I'll never see your sun rise

I'r' in lo . h||d|'~r|h=1-'~ a dark side

IN ISOLATION
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How Spitzer Observed the Trappist-1 System

Credit: NASA/JPL
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